Phage a3 had a buoyant density of 1.506 g/ml, suggesting a protein capsid. The mol. wt. of the phage genome was 34 _ 1 × 106. A dual genome population was observed and partial denaturation, duplex and restriction analyses facilitated distinction between constituent phages, ct3 r and a3o9. Phage a3r exhibited a 0.7 + 0.2 x 106 mol. wt. deletion in its genome with respect to a3oJ. Both phages were encapsulated by a headful mechanism and the genomes were permuted over 27% and <18% of their length respectively. It is concluded that stable variants may be isolated and that these phages offer potential, through physical studies, to elucidate the properties of the Achromobacter-~3 system.
INTRODUCTION
The first isolation of bacteriophages (ctl, a2, a3, a3a and a3b) for Achromobacter sp. 2 was reported by Thomson & Woods (1974) . These phages mediate generalized transduction. Phage ~3 exhibits a higher transducing frequency than phages al and a2 (Woods & Thomson, 1975) . The host strain is cryptically lysogenic for phage ct3 (Thomson & Woods, 1974) . This phage grows on stationary phase cells of a mutant strain ofAchromobacter sp. 2 (Woods, 1976) which has an altered RNA polymerase, conferring resistance to rifampicin (Robb et al., 1977) . None of the above phages has been physically characterized. Elucidation of a variety of reported observations, e.g. inconsistency of chloroform sensitivity (Thomson & Woods, 1974) and inability to isolate high frequency transducing (h.f.t.) lysates (Woods & Thomson, 1975) , may be facilitated by a physical study. Therefore, we have characterized phage a3 and this report deals with our findings.
METHODS

Bacteria andphages.
A phage a3 lysate (Thomson & Woods, 1974) was obtained from the Genetics department, University of the Witwatersrand. A chromobacter sp. 2 (Thomson et al., 1972) was obtained from the same source. Proteus mirabilis PM5006 (Coetzee & Smit, 1970) , Proteus phage 5006M and Escherichia coli W3110 (Col El) were from laboratory stocks.
Media and cultivation. High titre phage lysates were obtained as described by Adams (1959) . Specific media for the Achromobacter system (Thomson & Woods, 1973) and for the Proteus-5OO6M system (Krizsanovich, 1973) were used. Phage lysates were stored above chloroform.
Phage and nucleic acid purification, buoyant density measurements, electron microscopy and data processing. These methods have been described previously (Pretorius & Coetzee, 1979 , 1980 Coetzee & Pretorius, 1979; Van Dijken & Coetzee, 1980 fragments were analysed on 0.75% agarose gels (McDonnel et al., 1977) . Following electrophoresis gels were stained for 30 min in electrophoresis buffer containing 1 /~g/ml ethidium bromide. Gels were photographed on Polaroid type 665 film employing back-illumination by long wave u.v. light. Negatives were scanned using the film scanning accessory of a Varian C ary 210 spectrophotometer.
RESULTS
Buoyant density of phage 03
Using equilibrium co-sedimentation in a CsC1 gradient the buoyant density of phage a3 was found to be 1.506 g/ml relative to phage 5006M which has a buoyant density of 1-491 g/ml (Pretorius & Coetzee, 1979) .
Molecular weight of the 03 genome
Micrographs of 40 ~3 DNA molecules, together with a similar number of Col E1 molecules in the same field, were obtained at an electron microscope magnification of × 5900. From the distribution of phage DNA length with respect to that of Col E1 (Fig. 1) , the length ratio of t~3 DNA:Col E1 is 8.2 + 0.2 (S.D.). Assuming that Col E1 is 4.2 × 106 (Bazaral & Helinski, 1968 ) the mol. wt. of the a3 genome is 34 + 1 × 106.
Partial denaturation mapping
Partial denaturation studies were carried out on 63 molecules of ct3 DNA obtained from the original lysate. Computer alignment of the data with respect to denatured regions ( Fig.  2a ) shows that the ~3 genome is non-randomly circularly permuted. The distribution of molecular ends (Fig. 2 b) derived from Fig. 2 (a) shows that the permutation extends over 27% of the genome length. Peaks located in the interval 0 to 0.75 of the denaturation map ( Fig. 2c ) are sharp, indicating excellent correspondence of molecular structure between individual molecules (Fig. 2 a) . However, peaks in the interval 0.75 to 1 do not display this characteristic, indicating poor correspondence of molecular structure. This suggests that the population of molecules is not homogeneous. Duplex formation Duplex molecules, resulting from complete denaturation of (~3 DNA and subsequent renaturation, were circular (Fig. 3) . Circularization is a result of circular permutation (Tye et al., 1974a, b) . The circles possessed two single-strand protrusions as a consequence of terminal redundancy in permuted molecules (Tye et al., 1974 a, b) . Forty a3 duplexes were studied and two classes were observed. One class possessed the expected two single-strand protrusions, whilst the other, in addition, had a single-strand loop (Fig. 3) . The first represents typical homoduplexes but the second indicates two molecular populations. The area of non-homology is 2.0 + 0-4% of the molecular length. This indicates an insertion or deletion of 2.0 + 0.4 % in one population with respect to the other.
Measurements of the single-strand protrusions, which are the terminal repeat (Tye et al., 1974 a, b) , yield lengths of 2-4 _+ 0.8 % and 2.4 + 1.1% for the homo-and heteroduplexes respectively. The distance between the single-strand loop and the nearest protrusion in 12 molecules was never less than 20 % of the circumference (Fig. 4) .
Restriction analyses
To resolve the observed dual population, DNA extracted from six single-plaque lysates was subjected to restriction analyses using EcoRI, BamHI and HindlII. A comparison (Fig. 5 ) shows that only with HindlII could a difference be demonstrated. Four of the isolates, named ct3r, produced band a. The remaining two are called ct3~o. Densitometric scanning of the HindlII restriction patterns of a3r, a3o9 and ct3 (original lysate) indicates that in the latter the a3r:a3oJ ratio was 1.25. Fragment C (Fig. 5 ) appeared faint in comparison with other fragments of the HindlII restriction patterns, as confirmed by densitometric scanning (not shown).
DISCUSSION
It has been suggested that a3 is sensitive to chloroform (Thomson & Woods, 1974) . Often, such sensitivity is associated with a lipid-containing capsid (e.g. Bradley & Rutherford, 1975; but the buoyant density (1.506 g/ml) together with the G + C content (45 %) of the genome (Thomson & Woods, 1974) indicate that the phage a3 capsid consists of protein only (Weigle & Meselson, 1959) . This explains our experience that phage ct3 lysates may be stored above chloroform for extended periods with no loss of infectivity.
Previous genetic analyses of phage ct3 have not suggested the dual phage population, demonstrated by our physical studies. In HindlII digests of DNA from single-plaque isolates (Fig. 5 ) the double band A/B (phage cz3co) is resolved into two bands, A and ct (phage a3r). The mol. wt. difference between these bands is 0.6 x 106, in agreement with the size of the deletion observed electron microscopically (0.7 + 0.2 × 106). Hence, the cz3 r genome exhibits a deletion relative to the a3o9 genome. In the EcoRI and BamHI digests this deletion could be located on a fragment much larger than the HindlII fragment A. On 0.75 % agarose gels differences of 0.6 × 106 between large fragments are not easily resolved and this could explain our failure to demonstrate a difference in the EcoRI and BamHI digestion patterns. The difference between the genomes may not manifest itself genetically as packaging obeys the headful mechanism (Streisinger et al., 1967) . An insertion will not lead to loss of genetic information from the phage population, but a deletion may do so.
Partial denaturation and duplex studies indicated that the genome is permuted. There is also electrophoretic evidence for a permuted genome (Jackson et al., 1978 a, b) , as presented by the relatively faint HindlII fragment, C. Similar indications are not found using other enzymes but this could be explained as follows. Restriction sites may be close to the termini, resulting in fragments of variable length too broadly distributed in the low mol. wt. range to be observed as distinct bands. Alternatively, large terminal fragments may be generated on which minor length variations are not observed due to limitations of agarose gel resolution.
Denaturation mapping results are not based on a homogeneous molecular population. However, as the phage a3 r genome exhibits a deletion, it has a larger terminal redundancy as compared with the a3o9 genome and hence a larger permutation. Consequently, the observed permutation (27%, Fig. 2b ) is due to phage a3r. Accepting the observed 2.4 + 0.8% terminal redundancy, phage ~3 genomes originate from a concatemer of 11 + 3 headfuls. This length is in agreement with those observed for phage P22 (Tye et al., 1974a, b) and for phage 5006M (Pretorius & Coetzee, 1979) , namely l0 and 12 +_ 3 respectively. As the length difference between the a3r and the a3to genomes is known (2.0 + 0.4%) it follows that the permutation of the ct3to genome is < 18 %. Furthermore, packaging of the concatemers initiates at a specific site, pac, and proceeds in a unique direction. This follows from the asymmetrical distribution of molecular ends (Fig. 2 b) if it is assumed that packaging of each sequential headful is more probable than the following (Tye et al., 1974a; Pretorius & Coetzee, 1979) . Hence, the pac site is located at the axes origin of the partial denaturation map (Fig. 2 c) . The possibility that the pac sites of phages a3 r and ct3 to are differently located in the respective genomes can be excluded because of the sharpness of peaks over 75 % of the genome (Fig. 2 c) .
In view of the high resolution attained with the present alignment procedure (Van Dijken & Coetzee, 1980) , the broadness of peaks in the interval 0.75 to 1 (Fig. 2c ) is due to poor correspondence of molecular structure. This is attributed to the small deletion in one genome. The deletion thus maps at 0.75 to 0.8 of a genome length from the pac site, in the direction of packaging. This location is in agreement with that of heteroduplex results (Fig. 4) , as protrusion-loop distance is )20% of the circumference. A location 20 to 25 % from the pac site would have led to a distribution exhibiting a maximum at 20 to 25 % but a decrease towards the axes origin (Fig. 4) .
Heteroduplex studies on permuted molecules may be irksome as duplexes are circular. Consequently, molecular termini cannot serve as markers. As single-strand protrusions are located at variable sites around the circles, they also are unsatisfactory markers. Upon heteroduplex formation phages ct3z and a3to give rise to circles with a single-strand loop of known location with respect to the pac site. Utilization of this loop as an internal marker may prove useful for heteroduplex mapping of variant phages.
Variant phages have not been isolated, as no h.f.t, lysates have been obtained from Achromobacter sp. 2 (Woods & Thomson, 1975) . The present study indicates that the phage a3 genome conforms to a variation of the headful packaging mechanism (Tye et al., 1974a, b) described by Streisinger et al. (1967) . This mechanism applies to generalized transducing phages, e.g. P22 (Tye et al., 1974a, b; Jackson et al., 1978b) and 5006M (Pretorius & Coetzee, 1979 , 1980 . As stable variants of the latter phages have been isolated (e.g. Coetzee, 1974 Coetzee, , 1975 Watanabe et al., 1972) , it is concluded that no explanation for the failure to isolate phage ~3 variants is suggested by the mode of packaging of the ~3 genome. Furthermore, the spontaneous acquisition or loss of genetic information which gave rise to the dual phage population in the original single-plaque isolate suggests that the a3 genome can be changed to form stable variants. These observations suggest that inability to isolate such variants could be due to inadequate screening (Woods & Thomson, 1975) .
Isolation of variants and comparative physical studies on their genomes may elucidate interesting aspects of this phage-host system, e.g. the postulated role of the phage in recognition of apparently different RNA polymerases encountered in exponential and stationary phase Achromobacter sp. 2 cultures (Robbet al., 1977) .
